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Abstract 
Two fundamentally different techniques for measuring total carbon (TC) were 
compared to validate the methods. One technique, Thermal-Optical-Flame Ionization 
Detection is based on National Institute for Occupational Safety and Health (NIOSH) 
Method 5040, which measures elemental carbon (EC) and organic carbon (OC) by 
combustion in controlled atmosphere and temperature. EC and OC in a sample is first 
combusted or decomposed to carbon dioxide, which is then reduced to methane and 
quantified by flame ionization detection. TC is defined as the sum of EC and OC. The 
second method is called Combustion-Nondispersive Infrared. The method involves a 
combustion or decomposition of the carbon containing compounds in a sample 
forming carbon dioxide, which is detected and quantified by a nondispersive infrared 
detector. 
Good correlation was found to exist between the two chosen methods in the 
measurement of total carbon in ambient aerosols and river suspended solids. The 
linear regression gave y = 1.43 (± 7.32) + 0.97 (± 0.11) x, with r二0.95 (n=37) for air 
filter sample; and y = -0.65 (± 11.41) + 1.04 (+ 0.12) x, with r=0.95 (n=35) for river 
suspended solids. From the equations, y is the combustion-NDIR total carbon 
concentration and x is the thermal-optical-FID total carbon concentration. 
Thermal-optical-FID gives more information on carbon speciation in samples, 
e.g. EC, OC and TC. Thermograms with specific patterns may be useful for further 
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1.1 Air pollution in Hong Kong 
Like other forms of pollution, air pollution is an unfortunate by-product of 
success. More vehicles on the road moving people and goods mean there is more 
economic activity and more air pollution. Emissions from factories have also 
traditionally been a major source of pollution. Hong Kong also suffers a continuing 
deterioration of the environment in some areas. This has been aggravated by a rapidly 
growing population, which has increased by about one million people every decade 
over the last 30 years and is forecast to be 8.9 million by 2016\ 
Since the introduction of Air Pollution Index (API)�，Hong Kong people know 
more about air pollution and get a better grasp of the link between air pollution and 
their health. API is calculated based on the five pollutants: NO2，SO2，O3，CO, and 
respirable suspended particulates (RSP). It ranges in value from 0 to 500. API 
between zero and 25 means the air pollution is considered "low", while over 50 is 
"medium". When API is between 101 and 200, air pollution is "very high" and is 
harmful to public health. The Air Pollution Index rose to unhealthy levels on several 
occasions during last few years and visibility has continued to worsen, intensifying 
public concern. 
Trends of visibility impairment during 1991 to 1998 are shown in Figure 
The chances that people can see less than eight kilometres away has almost doubled 
from about 4.4 per cent of the time to 8.2 per cent from 1991 to 1998. Poor visibility 
is the result of smog. Smog is created when lots of different pollutants, from vehicles, 
factories, landfills and power plants, combine under sunlight. 
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Figure 1.1 Trends of Visibility Impairment (1991-1998)^ 
(% visibility < 8 Km means that the % of chance 
that people can see less than eight kilometres away) 
The Environmental Protection Department of the Hong Kong Special 
Administrative Government operates an air quality monitoring network in the territory 
comprising eleven general monitoring stations and three roadside monitoring stations^. 
Monitoring results for 1999 reflected the continuing poor quality of the air. All 3 
roadside stations during 1999 did not meet the annual health based Air Quality 
Objective (AQO) for nitrogen dioxide and RSP. Three out of ten general stations were 
not in compliance with the annual AQO for RSP. The overall average concentration 
of nitrogen dioxide in 1999 was 65 which was slightly higher than the level in 
1998 (63 |ig/m^). Among the nine stations with adequate total suspended particulates 
(TSP) data for compliance assessment, only three of them were in compliance with 
the annual AQO in 1999 as compared to 5 stations in 1998^ 
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TSP are small airborne particles such as dust, fume and smoke with diameters 
less than 100 micrometers^. It can be broadly divided into two major types. Particles 
with a diameter of 10 micrometers or less are called respirable suspended particulates 
(RSP), or PMIO for short. The second type is particles larger than 10 micrometers 
diameter and less than 100 micrometers diameter, that are mainly related to soiling 
and dust nuisance. A number of studies carried out during the late 1980s have shown 
a statistically significant connection between particulate air pollution and various 
adverse human health effects'^. These findings have also attracted more attention to 
the methods that are being used to measure particulate matter (PM) in ambient air. 
RSP are believed to cause the most health problems - they are linked to higher 
illness and death rates. As compared to the TSP samples, the polycyclic aromatic 
hydrocarbon (PAH) fraction was higher in RSP than TSP. The bias of PAH in RSP 
suggests potential implications in health impact because RSP is respirable. Moreover 
the health problems caused by RSP is due to its high fraction of carbon. Largest 
particles tend to have the smallest fraction of carbon composition, while smallest 
particles contain the greatest proportion of carbonaceous materials^. The distribution 
of carbon was dominated by fine particles (1-10 |Lim), on average 87% of the total 
carbon were in this size ranged Combustion sources, in particular diesel vehicle 
exhaust, are also the major sources of RSP. 
1.2 Chemical speciation of carbon in air particulates 
Carbonaceous aerosols are emitted by combustion sources and may influence 
the climate by altering the radiation balance of the atmosphere. Carbonaceous 
particles exist mainly in the accumulation mode (with particle diameters 0.1<d<l fam) 
and thus may be transported over long distances?. Despite their widespread 
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distribution in the atmosphere, background concentrations in the free troposphere 
remain poorly characterized. This arises due to the complexity in defining 
carbonaceous aerosols and hence in their subsequent measurement. 
The carbonaceous component of atmospheric aerosols is composed of two 
main fractions: an organic fraction, known as organic carbon (OC) and a highly 
polymerized, dark fraction, which is resistant to oxidation at temperatures below 
~2400°C^. When both fractions are considered thermally different, the latter fraction 
is called elemental carbon (EC), due to a thermal behavior comparable to pure EC, 
even though EC is identical to neither pure elemental nor graphitic carbon. 
Alternatively, when both components are considered optically different, the strongly 
light absorbing fraction is known as black carbon (BC). Both EC and BC define a 
similar fraction of the carbonaceous aerosol and are supposed to be comparable, but 
have a slightly different thermal，optical and chemical behavior in most cases. These 
properties depend on the sources and atmospheric age of carbonaceous aerosols, and 
result in the analytical complexity of their measurement. Therefore, quantification of 
EC and OC in various atmospheres is a significant step towards understanding the 
processes, which control the atmospheric behavior of these and other trace organic 
pollutants. The total carbon (TC) content is defined as the sum of EC (or BC) and OC 
fractions. 
Although the organic compounds typically constitute approximately 10-70% 
of the total dry fine particle mass in the atmosphere, organic PM concentrations, 
composition, and formation mechanism are not well understood, particularly in 
relation to the other major fine particle constituents, i.e., sulfate and nitrate 
compounds. This is because particulate organic matter is an aggregate of hundreds of 
individual compounds spanning a wide range of chemical and thermodynamic 
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properties. The presence of condensable, multiphase or "semi-volatile" compounds 
(i.e., compounds that can exist in both gas and particle phases at atmospheric 
conditions) complicates the collection of organic particulate matter. Furthermore, no 
single analytical technique is currently capable of analyzing the entire range of 
organics present in the air particulate matter. 
Organic particulate matter contains a multitude of compounds, which are 
shown in Table 1.2^. It lists the classes of organic compounds that have been 
measured in atmospheric aerosols or are predicted to be present based on 
photochemical and thermodynamic arguments. Organic particulate matter is both 
emitted in particulate form (i.e. primary), and formed in the atmosphere through 
photochemical reactions. Low-volatility products from the gas-phase oxidation of 
reactive organic gases condense or adsorb onto particle surfaces, or absorb into pre-
existing particulate matter resulting in the addition of material to atmospheric 
particles. This is termed "secondary organic aerosol formation." Under certain 
circumstances atmospheric reaction products can nucleate to form new particles. Both 
biogenic and anthropogenic sources contribute to primary and secondary organic 
particulate matter^ 
Elemental or light-absorbing carbon is sometimes termed "soot", graphitic 
11 13 
carbon ‘ . Even the "graphitic" black carbon in the atmosphere has only a poorly 
developed graphitic structure with abundant surface chemical groups. "Elemental 
carbon” is a poor but common description of what is measured. For example, a 
substance of three-bond carbon molecules (e.g., pencil lead) is black and completely 
absorbs light, but four-bond carbon in a diamond is completely transparent and 
absorbs very little light. However both are pure, elemental carbons. On the other hand, 
there are some elemental carbons, which contain high molecular weight, dark-colored, 
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non-volatile organic materials such as tar, biogenics and coke. Particulate “elemental 
carbon" is also operationally defined. 
Table 1.2 Table showing the major organic constituents of atmospheric 
particulate matter，.  
Water-insoluble organics Water-soluble organics 
n-Alkanes Dicarboxylic acids 
n-Alkanoic acids Glyoxal 
Diterpenoid acids Ketoacids 
Aromatic polycarboxylic acids Polyols 
Polycyclic aromatic hydrocarbons Hydroxyamines 
Polycyclic aromatic ketones Amino acids 
Polycyclic aromatic quinones Nitrophenol    
1.3 Carbonaceous compounds in air and their harmful effects 
In Hong Kong, a major world center of trade, commerce and finance, there 
exist miscellaneous anthropogenic activities, which could emit air pollutants. 
Particulate matter emissions from motor vehicles are among the major contributors to 
fine particle concentrations in the urban atmosphere. Motor vehicles are a significant 
source of fine carbonaceous particle emissions because mobile combustion sources 
constituted 39-63% of all the non-volatile solvent-extractable organics ^ ^ including n-
alkanes, PAH, n-alkanoic acids, n-alkanols, and biomarkers such as triterpanes. It is 
believed that the main constituents of diesel particles are elemental and organic 
carboni5. Since the number of heavy-duty diesel trucks travelling across between 
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Hong Kong and Shenzhen are tremendously increasing on the roads over the next few 
years, therefore the carbon concentration likely will also increase in the atmosphere. 
Light-duty vehicles and heavy-duty diesel trucks emitted, respectively, 30土2 
and 1440±160 mg of fine black carbon particles per kg of fuel burned^Diesel trucks 
were the major source of lighter PAH, whereas light-duty gasoline vehicles were the 
dominant source of higher molecular weight PAH such as benzo[a]pyrene and 
dibenz[a,h]anthracene. Size-resolved measurements of particulate PAH showed 
significant fractions of diesel-derived PAH to be present in both the ultrafine size 
mode (<0.12 |am) and the accumulation mode (0.12-2 jiim). In contrast, gasoline 
engine-derived PAH emissions were found almost entirely in the ultrafine mode. 
Chemical composition analysis demonstrates that particles emitted from the 
gasoline-powered vehicles tested are largely composed of organic compounds while 
particles emitted from diesel engines contain roughly equal amounts of organic 
compounds and elemental carbon. The particle mass distributions from all mobile 
sources tested have a single mode that peaks at approximately 0.1-0.2 |am particle 
diameter^ 
To conclude this, carbonaceous compounds are the largest contributors to the 
RSP in the atmosphere and combustion sources, in particular diesel vehicle exhaust 
are major sources of RSP. Annual average concentrations of carbon derived from RSP 
during 1990-1998 are shown in Figure 1.3.1^ It indicates that there was an increasing 
trend of carbon level in Hong Kong, from 25 jig /m^ in 1990 to 30 ^g /m^ in 1997, a 
slightly decrease to 26 ^g /m^ in 1998. The carbon level in Hong Kong is much higher 
than other country, e.g. the carbon level in Cheju Island, Korea in 1994^^ was about 5 
l^g/ml 
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Annual average percentages of carbon in RSP during 1990 — 1998 are also 
shown in Figure 1.3.2^. It indicates that the percentage of carbon in RSP was always 
greater than 40 % during 1990-1995 and over 50 % during 1996 - 1998. 
The distribution of carbon level in RSP in Hong Kong during 1998 is shown 
in Figure 1.3.3^. High levels of carbon were found in many regions, especially high in 
heavy traffic region Mong Kok. The highest average ZPAH (28 ng m" )^ was detected 
at the street-level Mok Kok in Hong Kong. This study provides further evidence that 
vehicular emission is the major source of air pollution in Hong Kong and contains 
large amount of carcinogenic and mutagenic PAHs. 
Research in studying the harmful effects of atmospheric particulate carbon has 
been carried out and has mainly focused on its potential effects in health, visibility, 
and climate. 
(i) Potential effects on health 
Some of carbonaceous aerosols are known or suspected human carcinogens 
(e.g., cigarette smoke and diesel exhaust, respectively) and have been linked to other 
adverse health e f f e c t s ^ O f the organic compounds associated with combustion-
generated aerosols, PAH are of particular concern because several are potent 
mutagens and carcinogens. The carbon content of aerosol particles strongly influences 
the distribution of semi-volatile organic compounds between the gas and particle 
bound phases in the natural atmosphere��. The toxicity of gas-phase aldehydes is 
widely recognized. Many of the compound classes, which are influenced by aerosol 
carbon content, including PAHs, polychlorinated byphenyls (PCBs) are potential 
carcinogens or mutagens and pose significant human health^\ It has been shown that 
atmospheric deposition is an important pathway for the accumulation of PAHs and 
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PCBs in aquifers, soils, vegetation and fish. The organic composition of dusts may 
also have important health implications, particularly in terms of dust impacts upon 
asthma sufferers�!. Recently, several researchers have begun to remark organic 
particulate matter, which are the main components of submicron aerosols, as well as 
sulfate^l 
Furthermore, particle size of carbon particles emitted by vehicles greatly 
influences inhalation exposure and human health effects of the aerosol bound 
contaminants _ . EC is a potential carrier of toxic compounds into human and animal 
respiratory systems and is suspected to cause cancer itsdf^8-29 
(ii) Potential effects on visibility 
EC, a product of combustion, is present in significant concentrations in both 
urban and rural aerosols��. Combustion generated aerosols are dominated by EC 
particles of sizes which are very effective in scattering light, and the elemental carbon 
present in such aerosols contributes to visibility reduction by optical absorption. EC is 
expected to be the principal (visible) light absorbing component in ambient 
Submicron diesel particles affect urban visibility degradation and, because of the high 
EC to OC emission ratios，they frequently dominate the absorption of solar light by 
aerosols. 
Organics can modify the thermodynamic and chemical properties of 
atmospheric particles and, hence, alter the role these particles play in the atmosphere. 
Particle-phase organics enhance water uptake by atmospheric particles in some 
locations and inhibit or retard water uptake in other locations. Organic PM has an 
important role in particle hygroscopicity. The hygroscopicity of atmospheric aerosols 
has a large effect on particle size and therefore on visibility^. 
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(ii) Potential effects on climate 
Particulate EC has been the subject of interest in recent years for a variety of 
reasons. It is known that EC plays an important role in atmospheric chemistry because 
of its catalytic properties^^. As EC absorbs light, it may affect the earth's radiation 
balance and impact global climate. 
Particle-phase organics can alter the mass transport of gaseous species (e.g. 
SO2) into particles and cloud droplets, impacting heterogeneous chemistry. OC (the 
volatile one) plays a central role in the atmosphere, influencing the oxidative capacity 
of the atmosphere34. Furthermore, they contribute to the production of air pollutants as 
well as to greenhouse gases such as acids, carbonyls, ozone, carbon monoxide and 
methane. They can directly or indirectly increase the acidity of the atmosphere and 
provide the starting material for much of the natural atmospheric aerosol^ "^"^ .^ 
Additionally, organic PM has an importance role in aerosol hygroscopicity and 
aerosol hygroscopicity is strongly related to the propensity of particles to serve as 





1.4 Review of analytical techniques for carbon determination 
A variety of methods are used to measure carbon in atmospheric particulate 
matters samples. At present only optical methods are available for on-line monitoring 
1 
of elemental carbon in the order of several |Lig EC/m in ambient aerosol. Based on its 
large absorption cross section for visible light, black carbon is measured most 
effectively by an absorption measurement method. Among optical methods, 
photoacoustic spectroscopy^^'^^ is well-known technique for measuring the absorption 
of light by trace gases or particles, especially particulate carbon in the atmosphere. 
The main shortcoming of this method is it measures EC only. 
Other methods, such as filter extraction. A filter is extracted in an organic 
solvent by Soxhlet extraction to selectively remove organic material. The extractable 
mass, organic carbon is determined gravimetrically by weighing the filter before and 
after sample extraction or analysis the organic content by gas chromatography - mass 
spectroscopy (GC/MS) enable researchers to identify individual organic compounds 
and quantify their concentrations. The unextractable carbon can be analyzed by the 
thermal combustion method to determine elemental carbon. The disadvantage of filter 
extraction method is the choice of solvent for extraction may greatly influent the 
result. 
Recent improvements of the Walkley-Black method have allowed it to be used 
for organic and elemental carbon determinations in urban aerosols"^ .^ The Walkley-
Black method is a titrimetric procedure traditionally used for measuring OC in soil 
samples. Soil is oxidised with excess dichromate in sulphuric acid, and then the 
residual dichromate back titrated with iron(II) sulphate. Since more than 60% of the 
mass of organic carbon in soil are humic materials and carbohydrates, the average 
oxidation number for organic carbon is zero. Under conventional experimental 
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conditions, all the OC and about 10% of the EC are oxidised. Filtered aerosol samples 
are much smaller than soil samples, but are richer in the OC and EC fractions. The 
mix of organic compounds is also different from that in soil, and includes many 
reduced carbon compounds, resulting in an average oxidation number of carbon 
which is lower than zero. Walkley-Black method was modified by collecting aerosols 
on both glass fibre or teflon-backed glass fibre filters and thus it provides a simple but 
effective procedure for determining the OC and EC in aerosols. The detection limit of 
the method is 0.33 [igm , 0.54 |igm" for OC and EC respectively. The main 
advantage of this method is that aerosol samples can be collected on filters containing 
oxidisable material such as teflon. This filter cannot be used in carbon analyser. 
Loss on ignition (LOI) techniques for determination of carbon in soil have 
been refined to measure dust samples down to 0.0012g^^. Replicated laboratory tests 
were carried out using LOI to analyze dust samples on filter papers using different 
sample sizes, ignition temperatures and times. The lower limit for acceptable 
replicated results was 0.0012g at a furnace temperature of 375°C over a 4 h period. 
The method does not differentiate between the weight loss caused by the ignition of 
carbonaceous matter and that caused by other sources. 
Thermal methods have long been used to determine the concentration of 
carbon in atmospheric aerosol samples"^ .^ They are the most commonly adopted 
methods for the determination of carbon by high-temperature combustion technique 
with subsequent CO2 detection. Sometimes manganese oxide is used as an oxidizing 
agent, present and in contact with the sample punches, throughout the analysis^s. It 
can give accurate reading of total carbon even at levels below 1 i^g. It has not got, of 
course, the power to speciate carbon compounds, but supplemented with sample pre-
treatment it may differentiate between inorganic, organic and elemental carbon. This 
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is based on selective evolution of organic and elemental carbon under a variety of 
pyrolysis conditions'^^. Inorganic carbon can be firstly removed by acid pre-treatment 
to the sample filter, whereas organic compounds are removed by heating in an 
oxidative atmosphere at 340°C, leaving only the highly refractory elemental carbon 
behind. More information can be obtained if the temperature of combustion is 
increased in a programmed way and real-time thermograms are obtained 
(concentration of evolved carbon dioxide as a function of sample temperature). This 
method has the capability of resolving the bulk of carbon species into categories 
based on volatility and ease of oxidation^^"^^ This is especially important because 
Ellis et al.47 found that samples from various locations (urban and rural) and of 
different sampling time (day and night) each had typical thermal profiles in oxygen 
which made it possible to differentiate between primary and secondary organic and 
elemental carbon. Characterization of aerosols in motor vehicle exhaust has indicated 
that PAH emission profiles are distinct for different vehicle classes^" .^ Measurements 
in roadway tunnels carrying both light-duty gasoline and heavy-duty diesel vehicles 
indicate that diesel-derived aerosols are enriched in lower molecular weight PAH (e.g., 
alkylated phenanthrenes, chrysene), whereas higher molecular weight PAH are 
associated with gasoline engine-derived aerosoP"^"^. It has been suggested that 
selected PAH could be used as tracers for particulate emissions from motor vehicles. 
The success of the thermal oxidation procedure depends on the mechanism to 
detect CO2 generated upon oxidation of the carbonaceous matters. Detection methods 
had been developed using nondispersive infrared (NDIR) spectroscopy^^, ion 
chromatography after converts CO2 to carbonate anion^ '^^ ^ and flame ionization 
detection (FID)^ "^^ ^ after reduction of CO2 to CH4. Both NDIR and FID methods need 
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no sample preparation and are direct quantition, ion chromatography method requires 
preparing sample solutions for ion chromatography injection. 
Determination of total carbon in air particulate matters by thermal 
combustion-ion chromatography, giving a working range of 20 to 800 |Lig-C and a 
detection limit of 0.4 The recent advance of non-suppressed ion 
chromatography using ordinary HPLC equipment provides a suitable method for the 
detection of carbon dioxide after it was scrubbed into solution and converted into 
carbonate anion，?，as it provides a highly sensitive method to determine ppm level of 
carbonate with the selectivity needed to detect the carbonate peak against the 
interference of other anions. 
Thermal combustion procedure incorporated with optical reflectance^^ or 
transmittance59 technique can be used to differiate between OC and EC through 
temperature and atmosphere control. A filter punch is submitted to volatilization at 
temperatures set by a temperature program in a 100% helium atmosphere, then to 
combustion at another temperatures program in a 2% oxygen and 98% helium 
atmosphere. The carbon dioxide evolved at each temperature is converted to methane 
by a methanator and quantified by a FID. The reflectance or transmittance from the 
filter punch is monitored throughout the analysis to correct for the pyrolysis of 
organic material. OC is defined as that, which evolves prior to re-attainment of the 
original reflectance or transmittance, and EC is defined as that which evolves after the 
original reflectance or transmittance has been attained. Carbonate carbon can be 
determined by acidification of the filter punch at room temperature. 
f 
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1.5 Research objective 
Atmospheric particulates are one of the main air pollutants in urban areas^^. 
Particulate matter (PM) is usually generated from sources such as automobile exhaust, 
industrial combustion processes and secondary conversion from gaseous pollutants^^" 
.Various epidemiological studies have shown strong associations between PM and 
lung function parameters, respiratory symptoms and mortality. Diesel exhaust 
particles (DEP) are one of the major components of urban particulates. Previous 
studyi4 indicated that mobile combustion sources constitute 39-63% of all the non-
volatile solvent-extractable organics. A study of relationship between indoor and 
outdoor carbonaceous particulates in roadside households indicated that about 30% of 
indoor particulates of less than 10 [im (PMIO) were contributed from diesel exhaust^^. 
Therefore monitoring carbon level from the diesel emissions is very important for air 
quality control. 
Diesel exhaust is a chemically complex mixture containing thousands of 
compounds64-65, including EC, OC and PAHs. Some means must be selected for 
measuring the exposure of the population to diesel exhaust. Given the high carbon 
content of diesel particulates^^, a carbon-based method was investigated. 
Although carbon has long been recognized as an important constituent of 
ambient aerosols, the analysis of carbon in its many molecular forms has presented 
formidable obstacles. Ambient carbonaceous particles have a complex structure, with 
a core of elemental carbon and adsorbed organic carbon^^, and hence modeling them 
with pure components is difficult. Many investigators try to separate aerosol carbon 
into organic, elemental, and carbonate classes. At present only carbonate carbon has 
an unequivocal analytical definition. Speciation between organic and elemental 
carbon is difficult, current analytical definitions of organic and elemental carbons are 
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“operational，，or method-dependent. However, total carbon (TC = EC + OC) is quite 
comparable between analytical methods. 
The National Institute for Occupational Safety and Health (NIOSH) recently 
published Method as the standard method for the measurement of elemental 
carbon in diesel particulate. The method is based on thermal-optical technique for 
measurement of various forms of carbon. With this technique, speciation of organic 
and elemental carbon is accomplished through temperature and atmosphere control 
and by an optical feature that corrects for pyrolytically generated carbon, or ‘char’ 
formed during the analysis of some materials This method has widely been used in the 
analysis of filter samples collected for air quality monitoring purposes. 
Because the operational definition of OC and EC and the lack of suitable 
reference standards, it is difficult to evaluate the accuracy of the method. However, to 
evaluate the comparability of data obtained from different laboratories, an 
interlaboratory comparison exercise was conducted in 1998^ .^ 
In this study, two fundamentally different techniques for measuring TC were 
undertaken to compare the applicability and other aspects of performance of the 
NIOSH method and another commonly adopted carbon measurement method. The 
Thermal-Optical-FID method is based on NIOSH Method 5040. TC is measured as 
the sum of EC and OC by combustion in control atmosphere and temperature, 
followed by flame ionization detection (FID). The second technique is called 
Combustion-NDIR. The resulting carbon dioxide from the combustion of carbon 
containing compounds is detected by a nondispersive infrared (NDIR) detector. It is 
commonly applied for measuring TC content in solid samples such as soil and 
sediment samples. 
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In this study, air filter samples collected in Homantin, a mixed residential and 
commercial district were analyzed with both methods and the results were compared. 
To further compare the performance of the two selected techniques in the 
measurement of other environmental samples, suspended solids in river water samples 
were also analyzed. 
1.6 Brief description of the proj ect 
Field sampling was conducted at the top of Homantin Government Offices 
Building during the period July 1998 to September 1999. The sampling location is 
about 40m above ground level. Respirable suspended particulates were collected over 
24-hours periods on quartz-fiber filters (8 x 10 inch), by a size selective inlet high 
volume sampler. Total carbon analyses were carried out on collected filters by 
Thermal-Optical-FID and Combustion-NDIR techniques. The results of two methods 
were compared to see whether significant difference existed between the methods. 
Suspended solids in river water were also analyzed by both methods. The water 
samples were collected in the water surrounding the Hong Kong territory during the 
study period. The reliability of the comparison was established using Standard 
Reference Material (Urban Particulate Matter) purchased from National Institute of 
Standards and Technology (NIST). 
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2. INSTRUMENTATION AND THEORY 
2.1 Thermal-optical-FID method 
In the thermal-optical-FID method (TO-FID)^^, speciation of organic, 
carbonate, and elemental carbon is accomplished through temperature and gaseous 
control during pyrolysis condition in the instrument. The instrument is a modified 
version of a design previously described in the literature^^. There are certain 
modifications, one being that the optical darkness of the filter is monitored by passing 
the He-Ne laser light through the sample filter, which allows continuous monitoring 
of filter transmittance rather than by observing the reflectance from the surface 
containing the sample deposit. Reflectance can vary with surface characteristics of the 
filter, requiring measurement of the reflectance prior to loading. Another modification 
is that different temperature steps are used in order to allow for the detection of 
inorganic carbonates, which may be present. A schematic diagram of thermal-optical-
FID carbon analyzer is shown in Figure 2.1.159. 
An example of the instrument output, called a "thermogram", is shown in 
Figure 2.1.2^^. The three traces appearing in the thermogram correspond to 
temperature, filter transmittance, and detector response (FID). The analysis proceeds 
essentially in two stages. In the first stage, organic and carbonate carbon (if present) 
are volatilized from the sample in a completely oxygen-free helium atmosphere as the 
temperature is stepped to a maximum (about 850 in NIOSH Method 5040^^). As 
the organic compounds are vaporized, they are immediately catalytically oxidized to 
CO2 in a bed of granular MnO? (held at about 900 °C) inside the oxidizing oven, 
which follows the sample oven. The flow of helium carried the CO2 formed into a 
Ni/firebrick methanator (at 450 °C)，where CO2 is reduced to methane. Methane is 
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then detected by a flame ionization detector (FID). During this first phase, there are 
some organic compounds pyrolytically converted to elemental carbon. The 
transmission of laser through the filter is continuously monitored during the first 
phase. 
During the second stage of the analysis, the oven temperature is reduced to 
about 650 °C; a 2 % oxygen in helium mixture is switched into the sample oven. This 
is followed by temperature steps up to 850 °C. During this phase, both the original 
elemental carbon and that produced by the pyrolysis of organics during the first phase 
are oxidized to carbon dioxide, followed by detection as described in the first phase. 
Again, the darkness of the filter is continuously monitored. 
After all carbon has been oxidized from the sample, a known volume of a 
known mixture of methane is injected into the sample oven. This serves as an internal 
standard for each analysis and assures that the instrument is operation properly. 
Methane is chosen for this purpose since it is the most difficult hydrocarbon to 
catalytically oxidize to CO2. 
He-Ne laser light passing through the filter allows a continuous monitoring of 
filter transmittance during the whole process. During the first phase, there are some 
organic compounds pyrolytically converted to elemental carbon, which causes a 
decrease in filter transmittance. As oxygen enters the oven (in the second stage), 
pyrolytically generated EC is oxidized and a concurrent increase in filter 
transmittance occurs. Correction for the char contribution to EC is accomplished by 
measuring the amount of char oxidation required to return the filter to its initial 
transmittance value. The point at which the filter transmittance reaches its initial value 
(vertical solid line showed in Figure 2.1.2) is defined as the "split" between organic 
and elemental carbon. Carbon evolved prior to the split is considered "organic" 
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(including carbonate), and carbon volatilized after the split and prior to the peak used 
for instrument calibration (final peak) is considered “elemental，，. This procedure 
assumes that the mass absorption coefficient of the pyrolytically produced elemental 
carbon is the same as that of the original elemental carbon. If desired, the presence of 
carbonate can be verified through analysis of a second portion (punch) of the filter 
after its exposure to hydrochloric acid vapor. In the second analysis, the absence of 
the suspect peak is an indicative of carbonate in the original sample. 
Based upon the FID response and laser-transmission data, the amounts of 
organic and elemental carbon are then calculated for the sample. Furthermore, the 
total carbon content on the sample is known from the sum of organic and elemental 
carbon. 
2.1.1 Flame ionization detector measurement principle 
The flame ionization detector responds to compounds, which produce ions 
when burned in an H2-air flame. These include all organic compounds, although a few 
(e.g., formic acid, acetaldehyde) exhibit poor sensitivity. Gaseous substances, CO, 
CO2, H2O and O2 etc. give no response. 
This detector adds hydrogen to the column effluent and passes the mixture 
through a jet, in which it is mixed with entrained air and burned. The ionized gas 
(charged particles and electrons produced during combustion) passes through a 
cylindrical electrode. A voltage applied across the jet and the cylindrical electrode 
sets up a current in the ionized particles. An electrometer monitors this current to 
derive a measure of the component concentration. 
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2.1.2 Analytical range and detection limit 
The best range for the deposit concentration is 5 to 200 micrograms per square 
cm for organic carbon, a 1 to 15 micrograms per square cm for elemental carbon. 
Concentrations of organic carbon greater than this have a possibility of going off-
scale, as well as possibly interfering with the EC measurement when only small 
amounts of EC are present. Values of elemental carbon greater than about 15 
micrograms per square cm tend to be too dark which, as with any optical absorbance 
method, makes results hard to interpret. 
The precision of this analysis is nearly always in the 4-6 % range for samples 
collected with the above specified ranges. Accuracy of this method for total carbon 
always agrees with predicted values of better than 5 %. The detection limit of this 
method is on the order of 0.2 micrograms per square cm of filter for both OC and 
EC59，67. For this reason, the filters must be pre-fired at 900°C for about 3 hours before 
using for collecting sample. 
The presence of colored inorganic compounds from copper smelters or other 
ore-producing industries, produce a compound which can change color such as 
forming a black oxide during the oxygen phase of the analysis may cause analysis 
interference. 
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output59. 
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CC = carbonate carbon 
PC = organic carbon pyrolytically converted to elemental 
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EC = elemental carbon 
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2.2 Combustion-NDIR method 
Filter punches are placed into the sample cup through a flip-top hatch on the 
carbon analyzer. The sample cup is subsequently advanced through a pyrolysis tube, 
which contains a packed section of cobalt oxide (CoO). The pyrolysis tube is 
maintained at 800 °C and is continually flushed with ultrapure oxygen (>99.8% purity) 
at 200 mL/min. throughout the analysis. The sample is vaporized and swept into the 
packed section of the pyrolysis tube where the carbonaceous matter on the filter is 
oxidized to CO2, H2O，SOx, NOx, etc. The oxidized gases are then scrubbed to remove 
corrosive species formed and the resulting CO2 is carried into a linearized Non-
Dispersive Infrared (NDIR) detector. The electronics module integrates the detector 
signal and displays the analysis result in carbon concentration. The resulting mass of 
carbon dioxide is proportional to the mass of total carbon in sample. A schematic 
diagram of combustion-NDIR carbon analyzer is shown in Figure 2.2. 
2.2.1 Nondispersive Infrared detector measurement principle 
The Nondispersive Infrared Detector (NDIR) contains an infrared light source, 
a measuring cell, an infrared filter detector, and electronic. The infrared gas analyzer 
measures gas concentration based on the principle that each type of gas component 
shows a unique absorption spectrum in the infrared region. 
Infrared is emitted from the hot filament in the infrared light source down the 
measuring cell. Prior to reaching the detector, it passes through a filter that selects out 
a characteristic absorption band for carbon dioxide. The infrared light energy reaching 
the detector is converted to an electrical signal. If carbon dioxide is present in the 
measuring cell, the infrared light is diminished and therefore, the electrical signal is 
diminished. 
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The single-beam photometric system in the NDIR detector minimizes 
influences due to contamination of the measuring cell and due to vibration. It features 
better long-term stability and signal-to-noise ratio over conventional dual-beam 
analyzers. The single-beam photometric system requires no delicate adjustment of 
optical balance. 
Combustion-NDIR method has an analytical range of 50 |Lig carbon to 30 mg 
carbon and precision is ±15 |ig or ±15% of measuring value of sample^ 
2.3 Comparison between two methods 
Table 2.3 Table listing the differences between two methods. 
TO-FID NDIR 
(i) distinguish between organic and does not distinguish between 
elemental carbon organic and elemental carbon 
(ii) Since it employs optical does not employ optical 
absorbance measurement, high measurement, high concentration 
concentration of elemental of elemental carbon suitable for 
carbon gives biased result this method (highest EC 
(highest EC concentration concentration detected: 30 mg C). 
detected: 0.023 mg C). 
(iii) lower detection limit because of higher detection limit than TO-
using sensitive FID FID (detection limit: 50 i^g C). 
measurement (detection limit: 



























































































































































































































2.4 Materials used for preparing standards 
Because a standard for OC, EC, and CC in carbonaceous aerosol samples is 
not currently available, OC standard is used for instrument calibration. In this 
approach, an accurate determination of carbon in samples of unknown composition 
requires an instrument response that is independent of the compound and matrix type. 
M. Eillen Birch^^ has investigated whether the efficiency of the thermal-
optical-FID method's catalytic oxidation-reduction process is independent of sample 
type. He examined various carbonaceous materials standard solutions. Four 
polynuclear aromatic hydrocarbons (PAHs) solutions: fluoranthene (FLUOR), 
benzol[a]pyrene (BaP), benzo[k]fluoranthene (BkF) and dimethylbenz[a]anthracene 
(DMBaA); and solutions of various water-soluble organic compounds were prepared 
for study. No discernible difference between the responses of various carbonaceous 
materials standard solutions. However better agreement between actual and reported 
values were obtained with the aqueous standard solutions. Results of linear regression 
of the data (i.e., jig carbon reported versus jag actual) for each aqueous standard and 
all standards (aqueous) combined are listed in Table 2.4^^. Based on the confidence 
intervals of the slopes, no compound dependence was noted with the compounds 
examined. The response of individual compounds was linear (r^ >0.999, 4 < n < 19) 
and the slopes of the regression lines were all near unity, indicating that the efficiency 
of the method's oxidation-reduction process (i.e., conversion of analyte carbon to CH4) 
was near 100%. Based on M. Eillen Birch result we can use aqueous OC solution as 
standard solution for determining carbonaceous compounds in aerosol samples. 
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Table 2.4 Linear regression results for aqueous solutions of OC standards^^. 
Analyte n ？ Slope: Intercept SE of y 
CL** Estimate 
Sucrose 7 >0.998 0.98,0.04 I M 
Caffeine 4 >0.999 0.98，0.10 
Glycine 4 0.999 0.96,0.09 145 i m 
EDTA 19 >0.999 0.99,0.01 O l s 
KHP 9 >0.999 1.01，0.01 ^ O ^ 
"All ^ 0.999 0.99,0.01 
aqueous 
* |Lig C reported/|ag C actual. 
** 95% confidence limits of slope. 
SE = standard error 
2.5 Filter media for thermal analysis of carbon containing aerosols 
Because of the high temperatures employed during the analysis and extra 
precautions must be taken to prevent the molten glass from coming into contact with 
the internal quartz oven, samples intended for thermal-optical-FID analysis should be 
collected on quartz-fiber filters. Moreover, new measurements^^ show that glass fiber 
filters contain chemical compounds (Na and K compounds) which catalyze the 
oxidation of deposited soot particles. In the presence of a catalyst, the oxidation 
temperature of elemental carbon is reduced. 
When thermal analysis techniques are used for C-containing aerosols in filters, 
the temperature at which the elemental carbon is oxidized may overlap the oxidation 
temperature of organic compounds. The temperature overlap would lead to the 
corresponding overestimation of the organic fraction. Glass fiber filters are sometimes 
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used in the collection of ambient aerosol and in subsequent thermal analysis to 
distinguish between the organic and elemental carbon components of the aerosol. The 
catalytic effect causes the elemental carbon to oxidize at temperatures significantly 
lower than would be expected in the absence of the catalyst. This makes difficulty to 
distinguish between elemental and organic carbon. For these reasons, the use of glass 
fiber filters in the determination of the carbon by thermal combustion is not 




3.1.1 Equipment for determination of total carbon 
In this study, Sunset Laboratory Thermal-Optical-FID Carbon Analyzer and O. 
1. Analytical Combustion-NDIR-Carbon Analyzer were used. Data acquisition and 
calculation were controlled by a workstation for both analyzers. 
3.1.2 Equipment for sample collection 
Andersen Instrument Inc. Total Suspended Particulate High Volume Sampler 
and Andersen Instrument Inc. Respirable Suspended Particulate Sampler were used 
for collecting the particulates in ambient air. 
3.2 Apparatus 
3.2.1 Apparatus for sample collection 
(i) Quartz fiber filter (8x10 inches and 25mm diameter) 
(ii) Thermometer 
(iii) Barometer 
(iv) Filter conditioning environment: 
Humidity controlled cabinet: 30% RH 土 5o/o 
Temperature range : 15 °C - 30 °C，土 3 °C variation during equilibrium 
period. 
(v) Analytical balance with accuracy up to 0.00001 g 
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(vi) Muffle furnace for operation at 900 °C 
3.2.2 Apparatus for sample and standard preparation 
The details are shown in Table 3.2.2. 
Table 3.2.2 Apparatus for sample and standard preparation 
Apparatus Use 
Forceps Sample handling 
Forceps (silicone rubber tipped) Thermal-optical-FID Carbon 
Analyzer Quartz tray 
manipulation 
Aluminum foil On which filter sample was cut 
by punch 
Needle Lift out filter from punch 
Calibrated punch tool (1.5 cm ) Cutting filter punch 
Autopipette, 250 ^L Standard Preparation 
Volumetric Flasks, Class B or Standard Preparation 
equivalent 




Carbon is ubiquitous in nature and may cause interference in thermal-optical-
FID and combustion-NDIR measurements. Interference may come from reagents, 
glassware and carrier gases used in these methods. Therefore, high purity reagents and 
gases should be used in order to minimize interference problems. 
3.3.1 Gas requirements for thermal-optical-FID carbon analyzer and 
combustion-NDIR carbon analyzer 
The details are shown in Table 3.3.1.1 and Table 3.3.1.2. 
Table 3.3.1.1 Gas requirements for thermal-optical-FID carbon 
analyzer. 
Reagent Use 
Helium (99.999% purity) Carrier gas 
Hydrogen (99.995% purity) FID combustion 
Air (Low hydrocarbon grade) FID combustion 
Oxygen (2%) in helium, premixed, purified EC oxidant carrier gas 
Methane (5%) in helium, premixed, purified Internal standard 
Table 3.3.1.2 Gas requirements for combustion-NDIR carbon analyzer. 
Reagent Use 
Oxygen ( >99.8% purity) Reaction/Carrier gas 
Nitrogen (technical grade) Dryer/Actuator gas 
3.3.2 Reagents for standard preparation 
(i) Sucrose (99.9% reagent grade) traceable to NIST standard 
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(ii) Water, distilled 
3.3.3 Standard reference material 
Standard reference material (Urban Particulate Matter), SRM 1649a was 
purchased from National Institute of Standards and Technology (NIST). 
3.4 Analysis time and operation temperature 
Combustion-NDIR carbon analyzer was operated at constant temperature of 
900 Analysis time was about 7 minutes for one sample. 
Temperature program employed for analysis of total carbon by thermal-optical 
-FID carbon analyzer was shown in Table 3.4. Analysis time was about 15 minutes. 
The program used was based on National Institute for Occupational Safety and Health 
(NIOSH) Method 5040 
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Table 3.4 Temperature program employed in thermal-optical-FID 
carbon analyzer. 
OC determination ^ I 
Step Atmosphere Temperature (°C) Time (min) 
1 Helium ^ 1 
2 m 1 
3 ^ i 
4 E d L5 
5 ^ Until reach 650 ° C ~ 
Switch to oxygen mode 
EC determination 
Step Atmosphere Temperature (�C) Time (min) 
1 2 % oxygen in 650 ^ 
helium 
2 ^ 
3 ^ 1 
4 ^ 2 
Run time : 8.5 min. Total analysis time : about 15 min. (include cooling) 
,” ^   
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3.5 Procedures 
3.5.1 Collection of Air sample 
Since quartz-fiber filters adsorb organic vapors over time, to remove possible 
carbon contamination, the filters were pre-cleaned in a muffle furnace for at least 
three hours at 900 
A sample of each batch of pre-fired filters was tested for carbon blank levels 
prior to sampling, and sets of filters with carbon levels exceeding 1 |ag/cm^ were re-
fired or rejected. All pre-fired filters should be sealed and stored in a freezer prior to 
preparation for field sampling. 
Each filter was equilibrated in the conditioning environment for at least 24 
hours. Following equilibration, each filter was weighed to the nearest mg and this tare 
weight (Wi) was recorded. High-volume samplers of TSP and RSP were loaded with 
pre-weighed quartz-fiber filters (8 x 10 inches). Set the timer to start and stop the 
sampler such that the sampler ran 24 hours, from midnight to midnight. Flow rate of 
sampler, barometric pressure and ambient temperature were recorded before and after 
sampling. The loaded filter was equilibrated in the conditioning environment for at 
least 24 hours. Immediately after equilibration, the filter was re-weighed to the nearest 
mg and the gross weight (Wf) was recorded. 
Calculate the total standard air volume as follows: 
V = F x t 
where F = standard flowrate, mVmin 
t = sampling time, min 
V = standard volume, m^ 
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Calculate the TSP or RSP concentration as follows: 
TSP/RSP = ( W f - W i ) x 10^ 
V 
where TSP = mass concentration of TSP, \iglvcL 
RSP = mass concentration of RSP, jag/m^ 
Wf = final weight of filter, g 
Wi = initial weight of filter, g 
3.5.2 Sample preparation 
Sample filter was placed on a freshly cleaned aluminum foil surface. A 
representative portion of the filter was punched out. It should be taking care not to 
disturb deposited material and avoid hand contact with sample. A needle was used to 
remove the filter portion from the punch body. This filter portion was ready for 
carbon analysis. 
3.5.3 Carbon standard solution preparation 
The stock standard solution was preparing by weighing 2.9943 g of sucrose 
into a 100-mL volumetric flask and then diluting to the mark with distilled water. 1.0 
mL of standard solution was transferred into a 100-mL volumetric flask and was 
diluted to the mark with distilled water, this solution was the intermediate standard 
solution (concentration : 2.1034 |ig C per |liL). 
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3.5.4 Calibration and curve 
Different volume of OC intermediate standard solution prepared in 3.5.3 was 
applied to pre-fired filter (1.5 cm ) by 250 juL autopipette. Filter was dried in a dust-
free environment and analyzed for total carbon (a decrease in filter transmittance 
during the first temperature step of thermal-optical-FID analysis indicates water loss, 
allow portions to dry longer if this occurs, because the water vapor may make the FID 
off). 
3.5.5 Measurement 
3.5.5.1 Measurement with thermal-optical-FID carbon analyzer 
The quartz door to the sample oven was opened and the quartz boat for 
holding sample was partially removed from the sample oven with a silicon rubber 
covered forceps. The 1.5 cm size of sample filter or standard filter or blank filter was 
placed on the boat. The boat was slide into the sample oven gently until it was 
stopped by the tip of the thermocouple. The oven door was closed tightly (the 
pressure inside the oven should be between 1.4 psi. to 1.8 psi., otherwise the oven 
door was not closed properly). The carbon analyzer was miming under the 
temperature program as described in Table 3.4. 
3.5.5.2 Measurement with combustion-NDIR carbon analyzer 
Filter punch prepared in 3.5.2 was placed into the quartz sample cup. The 
sample cup was automatically advanced through a pyrolysis tube when the start 
button was pressed and sample was combusted to form CO2, which was detected with 
NDIR detector. 
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3.5.6 Recovery study 
3.5.6.1 Recovery study of total carbon in Standard Reference Material (SRM) 
SRM 1649a was accurately weighed into the pre-cleaned quartz filter and 
analyzed the total carbon by thermal-optical-FID and combustion-NDIR carbon 
analyzer. 
3.5.6.2 Recovery study of total carbon spiked in blank filter 
Three different concentrations of sucrose solutions were spiked in pre-cleaned 
quartz blank filters and analyzed by thermal-optical-FID carbon analyzer. 
3.5.6.3 Recovery study of total carbon spiked in sample matrix 
Three different concentrations of sucrose solutions were spiked in three 
different particulate loading sample filters and analyzed by thermal-optical-FID 
carbon analyzer. 
3.5.7 Study of filter deposit homogeneity 
Multiple analyses of total carbon were performed across filter for study of 
filter deposit homogeneity. 
3.5.8 Determination of total carbon in air particulates collected in filter sample 
37 air filter samples were collected during July 1998 to September 1999 and 
analyzed for total carbon by thermal-optical-FID and combustion-NDIR method. 
Each sample was determined in triplicate to ensure that precise result was obtained. 
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3.5.9 Determination of total carbon in river suspended solids 
35 river samples were filtered with 25mm diameter pre-fired quartz-fiber filter 
and filters were dried in dust-free environment before determination. Each river 
sample was analyzed in triplicate with thermal-optical-FID and combustion-NDIR 
method. 
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4. RESULTS AND DISCUSSION 
4.1 Particulate matter concentration in air 
The particulates were collected on filters and equilibrated in the conditioning 
environment. The particulate matter concentration in air was calculated according to 
the equation in 3.5.1. The results are shown in Table 4.1.1. 
4.2 Calibration 
A series of working standard solutions of carbon in the concentration range of 
0 to 105.17 fig carbon were prepared by introducing 0, 10, 25，and 50 |iL of 
intermediate standard solution as prepared in 3.5.3 on the surface of 1.5 c m � pre-
cleaned quartz-fiber filters. The spiked filters were dried in a dust-free environment 
before determination. 
The peak pattern of standard and the calibration graph analyzed by 
combustion-NDIR are illustrated in Figure 4.2.1 and Figure 4.2.2 respectively. 
As shown in Figure 4.2.2，the calibration graph for carbon was linear with the 
correlation coefficient ( r^) greater than 0.99. 
The Sunset Laboratory thermal-optical-FID carbon analyzer is calibrated 
during the initial installation, using a multi-point external standard. The equipment 
conditions are stable for many months. For daily calibration, the external standard 
carbon content found should be within 士 5 % of the theoretical value, otherwise the 
new response factor should be calculated. 
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Table 4.1.1 Particulate matter concentrations in filters. 
"Sample Air Vol(m^) PMwt(g) PM concQiig/mS) 
1 — 1722.70 0.14480 84 
— 2 1616.80 — 0.10900 一 67 
~~ 3 1694.20 0.12280 — 72 
4 — 1605.10 0.09296 “ 58 
—5 1656.70 0.09800 59 
6 1593.00 0.08656 — 54 — 
— 7 1601.80 0.06334 40 
8 1597.30 — 0.09328 “ 58 
— 9 1718.00 — 0.17652 一 103 — 
— 1 0 1742.60 — 0.18746 — 108 
— 1 1 1755.20 0.19154 “ 109 
— 1 2 1666.40 0.19380 “ 116 
13 1696.20 0.40628 “ 240 
14 1734.00 0.30556 — 176 
15 1703.00 — 0.19438 “ 114 
— 1 6 1735.60 — 0.25132 — 145 
— 1 7 1718.10 — 0.20598 120 
18 1711.50 — 0.18698 一 109 
— 1 9 1672.00 — 0.40450 242 
20 1620.70 — 0.12522 77 
— 2 1 1719.30 — 0.06404 37 
22 1621.90 0.04436 27 
23 1589.20 — 0.03430 22 
24 1638.60 — 0.03658 22 
25 1626.19 — 0.05360 “ 33 
26 — 1596.00 0.03448 22 
27 1638.00 — 0.04990 30 
28 — 1623.00 — 0.04480 28 
29 — 1591.40 — 0.03188 20 
30 — 1587.30 — 0.05582 35 
- 3 1 1581.90 0.03306 21 
32 _ 1562.54 — 0.05136 33 
33 ~ ~ 1719.30 0.06404 37 
34 一 1621.90 0.04436 27 
“ 3 5 1589.20 0.03430 22 
36 1512.72 — 0.03130 21 
一 37 1512.72 0.03450 23 
Air Vol = air volume 
PM wt 二 particulate matter weight 
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Figure 4.2.2 Calibration curve of OC standards by combustion-NDIR 
carbon analyzer. 
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4.3 Recovery study 
4.3.1 Recovery study of total carbon in Standard Reference Material 
2 
SRM 1649a was accurately weighed into the pre-cleaned quartz filter (1.5 cm ) 
and analyzed the total carbon by thermal-optical-FID (TO-FED) carbon analyzer and 
combustion-NDIR carbon analyzer (C-NDIR). Results are shown in Table 4.3.1.1 and 
Table 4.3.1.2 respectively. 
Table 4.3.1.1 Recovery study of total carbon in SRM 1649a by thermal-
optical-FID carbon analyzer. 
Trial Reference Value^^ Amount of carbon by Recovery (%) 
(g C per g) TO-FID (g C per g) 
1 0.175 0.164 93.71 
2 0.175 0.164 93.71 
3 0.175 0.167 95.43 
Table 4.3.1.2 Recovery study of total carbon in SRM 1649a by 
combustion-NDIR carbon analyzer. 
Trial Reference Value^^ Amount of carbon by Recovery (%) 
(g C per g) C-NDIR (g C per g) 
1 0.177 0.181 102.26 
2 0.177 0.179 101.13 
3 0.177 0.170 96.05 
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The mean recoveries of total carbon in SRM 1649a obtained by both methods 
were high (94.29 % and 99.81 %) with low RSD (1.21 % and 3.47 %). Therefore both 
methods can give precise and accurate result in the determination of total carbon. 
Reference values for total carbon of SRM 1649a were shown in table 4.3.l.3^\ 
The results of total carbon of SRM 1649a were stated as reference values because the 
results were method defined. Although bias had not been evaluated for the methods 
used, the reference values are regarded as a better way for comparison with results 
obtained using similar procedures. 
Table 4.3.1.3 Reference values for carbon composition of SRM 1649a. 
Chemical Analytical Method Concentration 
Fraction (mass fractions,g/g) 
Total Carbon Thermal-Optical-FID 0 . 1 7 5土 0.031 
Combustion-GC-TCD 0.179 士 0.004 
Combustion-NDIR 0.177 士 0.008 
Insoluble Carbon H20-Combustion-Manometry 0.152 士 0.002 
Organic Carbon Thermal-Optical-FID 0.13 土 0.03 
Elemental Carbon Thermal-Optical-FID 0.046 土 0.005 
Acid/Base-Combustion-Manometry 0.047 士 0.001 
HNOs-Combustion-NDIR 0.052 士 0.006 
Pyrolyzed Carbon Thermal-Optical-FID 0.037 士 0.003 
Carbonate Carbon H3PO4 Oxidation-Manometry 0.00117 ± 0.00003 
Extractable Mass Soxhlet Extraction 0.044 土 0.003 
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4.3.2 Recovery study of total carbon spiked in blank filter 
Three different concentrations of sucrose solutions were spiked in pre-cleaned 
quartz blank filters and analyzed by thermal-optical-FID carbon analyzer. Results are 
shown in Table 4.3.2. 
Table 4.3.2 Recovery study of total carbon in Blank filter spiking. 
Trial Carbon content Amount of carbon Recovery (%) 
spiked (|Lig/cm^) byTO-FID (^g/cm^)  
1 22.04 22.86 103.72 一 
2 22.04 - 21.92 “ 99.46 一 
3 44.08 - 43.19 “ 97.98 — 
4 44.08 - 43.91 “ 99.61 — 
5 66.12 65.15 98.53 一 
6 66.12 67.60 102.24 
The mean recovery of total carbon spiked in blank filter was high (100.26 %) 
with low RSD (2.24 %). Therefore TO-FID method gives precise and accurate result 
in the determination of total carbon. 
4.3.3 Recovery study of total carbon spiked in sample matrix 
Three different concentrations of sucrose solutions were spiked into three 
different particulate loading sample filters. Each sample was spiked and analyzed by 
TO-FID in duplicated. Results are shown in Table 4.3.3. 
Table 4.3.3 Recovery study of total carbon spiked in sample matrix 
Sample wt of Carbon Carbon Amount of Recovery 
particulate content content in carbon (%) 
on filter spiked sample byTO-FID 
(mg) ( n g W ) (叩 W ) (^g/cm')  
_D 100.22 58.07 46.46 117.67 103.33 
_D 100.22 — 58.07 46.46 ~Tl7.19 102.63 
_E 64.36 45.94 36.38 84.71 105.20 
_E 64.36 — 45.94 36.38 82.51 100.41 
_F 105.78 21.09 69.48 90.53 99.81 
F 105.78 21.09 69.48 90.64 100.33 
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The mean recovery of total carbon spiked in sample was high (101.95 %) with 
low RSD (2.08 %). Therefore TO-FID method gives precise and accurate result in the 
determination of total carbon in different particulate loading. 
4.4 Study of filter deposit homogeneity 
In this case, 2 air sample filters from different sites were used for study of 
deposit homogeneity. 7 different portions of 1.5 cm^ filter were evenly punched from 
each filter and determined total carbon by thermal-optical-FID carbon analyzer. 
Results are shown in Table 4.4.1 and Table 4.4.2. 
Table 4.4.1 Study of filter deposit homogeneity in sample A 
Trial Total carbon concentration 









RSD (%) ^ 
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Table 4.4.2 Study of filter deposit homogeneity in sample B 
Trial Total carbon concentration 










Both values of RSD (2.03 % and 3.28 %) for two air samples within the 
instrument precision limit (4-6%) as mentioned in 2.1.2. It showed that air particulates 
were deposited evenly on the quartz-fiber filter. Therefore it can be assumed that an 
error due to non-homogeneous deposit of air particulates on filter was eliminated 
when both methods were employed for comparison. 
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4.5 Determination of total carbon in air particulates 
Determination of total carbon in 37 air particulate samples were performed by 
both methods and the results are shown in Table 4.5.1(a)-(d) and Table 4.5.2. The 
overall mean RSD for TC results obtained by thermal-optical-FID was 2.94 % and by 
Combustion-NDIR was 5.10 %. Both methods have low RSD values; therefore total 
carbon in air particulates can be determined precisely. 
The plot of total carbon concentrations determined by thermal-optical-FID and 
combustion-NDIR is showed in Figure 4.5.4. 
The coefficients and their standard errors, for this regression (in 95% 
confidence limits) were given in the equation : 
y = 1.43 (士 7.32) + 0.97 (土 0.11) x 
r = 0.95 n = 37 
2 _ 
Where y was the concentration of total carbon in jxg/cm measured with 
combustion-NDIR method. 
X was the concentration of total carbon in jLig/cm measured with 
thermal-optical-FID. 
The fit was quite good (r = 0.95). Moreover, the ratio of thermal-Optical-FID 
value to combustion-NDIR value (|Lig/cm^) was 1.02 (refer to Table 4.5.3). These 
correlation results demonstrated that the two methods measuring total carbon in air 
particulates with high precision. The y-intercept, 1.43 (土 7.32), was essentially zero 
within the uncertainty. The slope, 0.97 (士 0.11) nearly equal to one. It means that each 
sample yielded almost an identical result with both methods. 
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Paired t-tests were also performed in addition to cross plot for method 
comparison. Result was t = 0.18 (degree of freedom = 36). Since the calculated value 
of |t| was equal to 0.18 which is less than the critical value of |t| =2.04 (p=0.05). The 
two methods do not give significantly different values for the total carbon 
concentration. 
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Table 4.5.1 (d) Results of determination of total carbon in air particulates 
by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials I 
No. W (2) (3) I Mean | "/oRSlT 
1 OC(ngC/cm^) 27.57 29.74 31.78 29.70 7.09 “ 
EC(^igC/cm) 14 .48~ 13.66 ~12.51 13.55 7.30 — 
TC(^gC/cm^) 42.05 43.40 44.30 43.25 2.62 
~ 2 OC(|LigC/cm^) 50.54 46.52 47.48 48.18 4.36 
EC(|LigC/cm 勺 2 7 . 0 5 ~ 29.66 —29.24 28. ‘ 4.89 — 
TC(|igC/cm^) 77.59 76.18 76.72 76.83 0.93 
3 OC(^gC/cm^) 61.09 59.08 57.06 59.08 “ 
EC(ixgCW) 34 .59~ 36.99 —37.25 3 6 . f 4.04 “ 
TC(|agC/cm, 95.68 96.07 94.32 95.36 0.96 
4 OC(^igC/cm) 41.50 4 m 42.74 41.95 1.64 
E C ( | L i g C W ) 1 4 M 1 3 . 4 3 17.07 15.QQ~ 12.46 —  
TC(|igC/cm^) 56.02 5 5 ^ 56.95 4.43 
~ 5 O C ( ^ g C W ) 35.02 36.53 38.38 36.64 4.59 
EC(|LigC/cm^) 25.57 2 4 . 0 8 ~ 22.89 ~24.18 5.55— 
TC(^gC/cm^) 60.59 60.62 61.27 60.83 0.63 
~ 6 OC(^igC/cm, 33.10 34.20 34.88 34.06 2.64 
EC(^gC/cm^) 1 3 ^ 12.28 13.98 13.16 6.47 
T C ( ^ g C W ) 4^1 46.48 48.85 3.01 
""""7 OC(|LigCW) 41.30 40.68 42.26 41.41 1.92 
~ E C ( | i g C W ) ~ 14.27 “ 13.84 — 15.54 14.55 6.07 — 
TC(iiigC/cm') 55.58 54.52 57.80 55.97 2.99 
8 O C ( ^ g C W ) 43.09 41.55 51.21 45.28 11.46 
~lBC(ngC/cm^) 13.63 “ ~ 1 5 . 1 4 16.79 15.19 10.41 
TC(^gC/cm') 56.72 56.68 68.00 60.47 10.79 
~ 9 OC(iigC/cm') 60.34 66.03 74.09 66.82 10.34 
~EC(^gC/cm')~ 21.04 “ 18.23 ~ 21.02 20.10 8.04 “ 
~TC(|LigC/cm') - 8 1 . 3 9 84.26 95.12 86.92 8.33 
10 ~C(| igC/cm^) “ ” 5 9 . 2 9 60.00 61.27 60.19 1.67 
~EC(^gC/cm') 一 18.91 “ 20.71 18.24 1 9 . 2 厂 6 . 6 2 
~C(|igC/cm^) — 78.20 7 ^ 1 79.47 1.58 
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Table 4.5.1 (d) Results of determination of total carbon in air particulates 
by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials I 
No. (1) (2) (3) I Mean %RSD 
n OC(^igC/cm) 76,55 80.45 83.12 80.04 4.13 
ECC^ igC/cm^ ) 23.22 _ 22.93 20.55 22.23 6.59— 
TC(|LigC/cm 勺 99.78 103.38 1 0 3 . 6 7 1 0 2 . 2 8 2 . 1 2 ~ 
12 OC(|igC/cm^) 63.46 63.66 75.59 67.57 10.28 
EC(^gC/cm^) 23.58 24.61~ 19.00 22.40 13.3厂  
TC(|LigC/cm^) 87.05 88.28 94.59 89.97 4.50 
13 OC(|igC/cm^) 53.24 52.78 54.96 53.66 2.14 
EC(ixgCW) 1 2 . 0 5 1 2 . 2 6 —11.88 12.0^ 1.58 —  
TC(^gC/cm^) 65.29 65.04 66.84 65.72 1.48 
~ 1 4 OC(|LigC/cm^) 45.93 45.64 44.61 45.39 1.53 
EC(^gC/cm^) 15.86 1 5 . 0 4 1 6 . 2 0 15.70 3.80— 
TC(|igC/cm^) 61.79 60.68 60.82 61.10 0.99 
15 OC(^gC/cm^) 52.62 54.94 s l ^ 53.50 2.35 
EC(iigCW) 20.41 ~ 21.33 —23.83 2 1 . 8 ^ 8.10 一 
TC(昭 C/cm) 76.27 76.79 75.36 2.70 
“ 1 6 OC(^igC/cm) 4 I 9 I 44.54 47.73 45.39 4.51 
EC( | i gCW) 19.78 2 1 . 3 2 ~ 19.77 20.29 4.40— 
T C ( ^ g C W ) 63.69 65.86 67.50 65.68 i m 
~ 1 7 OC(|LigC/cm^) 60.88 61.63 71.04 64.52 8.78 
“ ~ ^ C ( | i g C W ) - 33.59 “ 30.42 —29.24 31.08 7.24 “ 
T C ( | L i g C W ) 94.47 1 0 0 . 2 7 9 5 . 6 0 4.42 
~ 1 8 OC(i igCW) 75.12 75.15 80.78 77.02 4.23 
- "ECC i^gCW) - 22.68 “ 22.55 —20.89 22.04 4.53 “ 
TC(^igC/cm) 97.79 9 7 ^ 1 0 1 . 6 7 9 9 . 0 6 2.29 
“ 1 9 OC(^igC/cm^) 53.40 52.57 55.85 53.94 3.16 
~EC(^igC/cm^)~ 11.67 “ 11.75 12.47 11.96 3 M ^ 
TC(iigC/cm^) 65.08 64.32 68.31 65.90 J J l 
20 OC(^gC/cm^) 52.47 51.94 52.30 52.24 0.52 
“ EC(ngC/cm') “ 15.84 “ 17.02 16.41 16.42 3.59 
TC(^gC/cm^) 68.32 68.96 68.71 68.66 0.47 
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Table 4.5.1 (d) Results of determination of total carbon in air particulates 
by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials  
No. ^ (2) (3) ^Tean "/oRSlT] 
~ ^ O C(赋 / c m ) 24.74 22.82 25.27 24.28 531 
ECC^igC/cmY" 26.48 25.78 22.05 1 4 . 7 7 9.61— 
TC(^gC/cm^) 51.22 48.60 47.32 49.05 4.05 
“ 2 2 OC(|LigC/cm^) 19i53 2001 24.93 21.49 13.91 
- EC(^gC/cm^) 20.89 — 22.53 18.33 20.58 10.28 
TC(iagC/cm勺 40.41 42.54 43.25 42.07 JJl 
23 OC(^gC/cm^) r i i s T ^ 1^78 i T s i 6.19 
" ^ ( ^ i g C W ) 20.49 21.32 18.82 20.21 6.30 
TC(|igC/cm^) 35.31 37.36 35.60 36.09 3.07 
” 2 4 O C ( ^ g C W ) 17.96 18.82 19.76 18.85 4.78 
EC(^gC/cm^) 2 6 . 4 2 2 3 . 0 3 ~21.12 23.52~ 11.41 
TC(^gC/cm^) 44.38 41.84 40.88 42.37 4.27 
“ 2 5 0C(^igC/cm2) 29.19 29.26 Bsiil 31.29 11.41 
EC(iLigC/cm 勺 35.10 35.30 27.78 32.73 13.09 
TC(|LigC/cm^) 64.57 63.19 6 4 ^ 1.14 
“ 2 6 OC(^igC/cm^) ISJS 16.72 20.96 18.60 11.61 
— 20.75 20.61 18.29 19.88 6.95 
TC(|LigC/cm )^ 38.88 37.33 39.25 38.49 2.65 
27 ~C( | igC/cm^) - “ 3 0 . 9 7 24.81 28.45 28.08 11.03 
EC(|igC/cm^)~ 25.58 “ 24.54 25.43 25.18 ^ 
TC( i igCW) 56.54 49.35 53.89 53.26 6.83 
28 ~C( | i gC/cm ' ) - “ 2 4 . 4 5 24.21 27.21 25.29 6.59 
EC(|igC/cm^)~ 28.26 — 29.32 25.47 27.68 7.18 
"~TC(^gC/cm') — ~ 5 ^ 1 53.53 52.68 52.97 O ^ 
29 ~C(|LigC/cm') - “ U J 7 UM 15.54 14.57 6.15 
"~EC(^igC/cm^)~ 15.55 “ 15.92 13.96 15.14 6.88 
~lrC(^gC/cm') - 2 9 . 3 2 30.33 29.50 29.72 LSI 
30 QC(|igC/cm') • 27.50 29.16 37.45 31.37 16.99 
"~EC(|agC/cm') 42.93 42.43 —31.66 39.01 16.32 
~C(|LigC/cm') - 7 0 . 4 3 71.59 69Tl 70.38 1.76 
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Table 4.5.1 (d) Results of determination of total carbon in air particulates 
by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials  
No. (1) (2) (3) Mean %RSD 
~31 OC(^igC/cm) 1330 1456 16.74 14.87 11.71 
EC(^gC/cm^) 19.94 20.68 ~17.43 19.35 8.80 “ 
TC(^igC/cm, 33.24 3 5 ^ 34.17 3 ^ 1 2.91 
32 OC(昭 C/cm) 29.87 29.81 27.99 29.22 3.66 
EC(ngC/cmy~ 32.26 32.75 34.33 ~33.11 3.27— 
TC(|LigCW) 62.13 62.56 62.32 62.34 0.35 
“ 3 3 OC(|igC/cm') 25.14 25.62 25.36 25.37 0.95 
“ EC(^gC/cm^) 14.22 — 15.99 " I s . l O 15.1Q~ 5.86 
T C ( ^ g C W ) 39.36 41.61 40.46 40.48 2.78 
“ 3 4 OC(^igC/cm) 34.25 35.84 35.00 35.03 2.27 
“ I C ( 昭 C/cm) 15.67 — 18.07 16.70 16.81— 7.16 
TC(|igC/cm^) 49.91 53.90 51.70 51.84 3.86 
^ OC(iigC/cm^) 40.17 45.17 42.50 42.61 5.87 
“ EC(|LigC/cm^) 21.86 一 17.82 ~T9.81 19.83 10.19 
T C ( ^ g C W ) 62.03 62.99 62.31 62.44 0.79 
36 OC( i igCW) 16.07 1523 15.34 15.55 2.94 
~EC(|igC/cm^) 10.54 _ 12.19 "12.04 11.59_ 7.87 
T C ( ^ g C W ) 26.61 27.42 27.38 27.14 1.68 
？7 O C ( ^ g C W ) 21.23 l i ! ^ 18.82 19.66 6.92 
~^C(|LigCW) ~ 16.41 15.14 一 16.30 15.95 4.41 一 
TC(^gC/cm^) 37.64 34.07 35.12 35.61 5.15 
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Table 4.5.1 (d) Results of determination of total carbon in air particulates 
by t h e r m a l - o p t i c a l - F I D carbon analyzer. 
S a m p l e T C (^ ig C/cm^) 
No. (1) (2) (3) _ Mean %RSD 
1 42.87 41.19 40.71 41.59 2.74 “ 
2 69.07 70.05 71.28 “ 70.13 1.58 一 
3 95.09 93.00 94.11 “ 94.06 1.11 — 
4 5 2 . 6 2 ~ 52.62 54.09 53.11 1.60 “ 
5 54.95 51.76 54.22 一 53.64 一 3.12 — 
6 46.24 42.19 42.68 “ 43.70 5.06 — 
7 52.50 5 2 . 5 0 ~ 60.48 • 55.16 8.35 — 
8 ~ 5 5 . 6 9 ~ 56.43 52.37 54.83 3.94 _ 
9 86.01 75.45 81.47 80.98 ^54 
10 81.13 78.95 78.69 79.59 — 1.69 —  
n 93.10 101.09~ 95.03 96.41 一 4.32 — 
12 87.05 91.36 86.03 88.15 3.21 • 
“ 13 75.82 75.57 一 78.50 76.63 — 2.12 
14 69.53 “ 66.46 “ 70.24 一 68.74 2.92 — 
15 83.89 79.35 84.28 6.10 — 
“ 16 69.05 68.55 “ 67.33 “ 68.31 “ 1.29 
“ 17 102.67 “ 103.16 一 106.31 — 104.04 1.90 — 
“ 18 91.95 “ 97.13 “ 104.48 一 97.85 6.43 — 
19 72.99 “ 68.80 一 76.89 — 7 2 . 8 9 ^ 
20 76.19 - 72.00 一 74.49 — 74.23 — 2M 
“ 21 53.90 48.73 — 54.17 “ 52.27 — 5.86 
22 42.70 47.77 43.10 — 44.52 6.33 — 
“ 23 38.57 一 38.97 “ 46.03 41.19 “ 10.20 
24 34.70 - 40.03 _ 37.90 ~ 3 7 . 5 4 iTs 
- 25 “ 65.90 “ 69.37 “ 69.77 “ 68.34 3.11 
26 - 43.50 39.37 — 38.57 40.48 ^ 
27 “ 57.23 60.03 — 57.63 58.30 2M 
28 “ 54.60 51.60 — 50.91 52.37 3?74 
29 “ 27.73 31.59 — 31.86 30.40 
30 “ 62.41 68.94 — 61.51 64.29 ^ 
31 “ 40.31 31.41 — 35.77 35.83 12.42 
32 “ 54.08 — 55.62 46.53 一 ~52.08 ^ 
33 45.75 “ 50.04 “ 44.03 “ 46.61 — ^ ~ “ 
34 “ 54.63 — 62.52 — 54.90 一 57.35 
35 “ 40.84 — 33.16 — 39.33 — 37.78— 1 0 ^ ~ 
36 “ 20.54 一 20.41 21.77 20.90 3^9 
37 “ 40.83 — 40.02 36.34 39.06 
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Table 4.5.3 Comparison of the results of total carbon in air particulates 
between thermal-optical-FID method and combustion-
NDIR method. 
Sample Mean concentration of TC (^g/cm^) by Ratio 
No. TO-FID C-NDIR [TO-FID]/[C-NDIR] 
1 43.25 41.59 1.04 
2 — 76.83 — 70.13 1.10 “ 
3 95.36 94.06 1.01 
4 56.95 53.11 1.07 — 
5 60.83 53.64 1.13 — 
6 47.21 43.70 1.08 — 
7 — 55.97 — 55.16 1.01 “ 
8 60.47 54.83 1.10 — 
9 86.92 80.98 1.07 — 
10 — 79.47 79.59 1.00 “ 
11 — 102.28 96.41 1.06 “ 
12 89.97 88.15 1.02 — 
13 65.72 76.63 0.86 — 
14 61.10 68.74 0.89 — 
15 75.36 84.28 0.89 
16 65.68 68.31 0.96 — 
17 95.60 104.04 0.92 — 
18 — 99.06 — 97.85 1.01 “ 
19 — 65.90 — 72.89 0.90 
20 — 68.66 74.23 “ 0.93 
21 49.05 52.27 0.94 — 
22 42.07 44.52 0.94 
23 36.09 41.19 0.88 — 
24 42.37 37.54 1.13 — 
25 64.01 — 68.34 0.94 
26 38.49 40.48 0.95 — 
27 53.26 58.30 0.91 — 
28 52.97 52.37 1.01 一 
29 29.72 — 30.40 0.98 
30 70.38 — 64.29 1.09 
31 34.21 35.83 0.95 — 
32 62.34 — 52.08 1.20 
33 40.48 — 46.61 0.87 
34 51.84 — 57.35 0.90 
35 62.44 — 37.78 1.65 
36 27.14 — 20.90 1.30 
37 35.61 39.06 0.91 ""“| 
[TO-FID] = carbon concentration determined by thermal-optical-FID carbon analyzer 
[C-NDIR] = carbon concentration determined by combustion-NDIR carbon analyzer 
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Figure 4.5.1 Plot of concentration of total carbon in air particulates by thermal-
optical-FID and combustion-NDIR carbon analyzer. 
60 
4.6 Further comparison of two methods by determination of total 
carbon in different sample type (river suspended solids) 
35 river samples were filtered through 25mm diameter pre-fired quartz-fiber 
filter and filters were dried in a dust-free environment before determination. Each 
sample was analyzed in triplicate. Results are shown in Table 4.6.1(a)-(d) and Table 
4.6.2. The mean RSD was 6.43 % by thermal-optical-FID and 9.53 % by combustion-
NDIR respectively. The RSD deduced from river suspended solids was higher than 
RSD from air particulates (2.94 % and 5.10 %), this may due to the uneven 
distribution of suspended solid in river sample. Therefore the filter deposit obtained 
through filtration was uneven. 
The plot of total carbon concentrations obtained by thermal-optical-FID and 
combustion-NDIR is illustrated in Figure 4.6.4. 
The coefficients and their standard errors, for this regression (in 95% 
confidence limits) were given in the equation : 
y = -0.65 (土 11.41) + 1.04 (土 0.12) x 
r 二 0.95 n 二 35 
Where y was the concentration of total carbon in |ig/cm measured with 
combustion-NDIR method. 
X was the concentration of total carbon in |ig/cm measured with 
thermal-optical-FID. 
The fit was quite good (r = 0.95). Moreover, the ratio of the mean of thermal-
optical-FID value to combustion-NDIR value (jig/cm^) was 1.00 (refer to Table 4.6.3). 
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The y-intercept, -0.65 (士 11.41)，was essentially zero within the uncertainty. The 
slope, 1.04 (土 0.12) nearly equal to one. It means that each sample yielded almost an 
identical result with both methods 
Based on the result of TO-FID, organic carbon is the major constituent of total 
carbon in river suspended solid. TO-FID gives the real picture of speciation of carbon 
in river suspended solid, but combustion-NDIR gives the total carbon content only. 
Therefore TO-FID is more suitable for the speciation of carbon. 
Good agreement between two sets of determination, therefore TO-FID is 
applicable for river sample if EC and OC information want to know. 
Paired t-tests were also performed in addition to cross plot for method 
comparison. Result was t = -0.84 (degree of freedom = 34). Since the calculated value 
of |t| was equal to 0.84 which is less than the critical value of |t| =2.04 (p=0.05). The 
two methods do not give significantly different values for the total carbon 
concentration. 
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Table 4.6.1(a) Results of determination of total carbon in river suspended 
solids by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials  
No. (1) I (2) (3) Mean %RSD 
1 OC(^gC/cm^) 182.14 208.52 189.27 193.31 7.06""“  
EC(^gC/cm^) 3 ^ 2 ~ 6.06 4.83 4.90 2 2 . 8 ^ 
TC(^gC/cm^) 185.95 214.57 194.10 198.21~ 7.44 
2 O C(够 / c m ) 107.21 110.34 101.63 106.39 4.15  
ECC^ igC/cm )^ 0.01 0.01 0.01 0.01 0.00一  
TC(^gC/cm^) 107.22 110.35 101.64 106.40 4 1 5 ~ 
3 OC(^gC/cm^) 89.42 87.97 78.44 8 5 . 2 8 6 . 9 9 
EC(|igC/cm^) 0.00 “ 0.01 0.00 — 0 . 0 0 1 7 3 . 2 1 
TC(iLigC/cm )^ 89.42 87.98 78.45 85.28 ^ 
4 OC(^gC/cm^) 59.94 93.15 83.13 7 8 . 7 4 “ 21.63 
EC(|igC/cm) 0.01 —0.01 0.01 0.00 
T C ( ^ g C W ) 59.94 93.16 83.14 7 8 . 7 5 ~ 21.64 
5 OC(^igC/cm) 39.70 43.60 33.85 3 9 . 0 5 “ 12.57 
EC(|igC/cm') O j O O 0 . 0 0 0.00 0.00 0.00 
TC(|igC/cm') 39.71 43.60 33.85 39.05 12.57 
6 OC([ igCW) 72.81 64.14 64.71 67.22 ~ “ 
EC( | i gCW) 0.02 “ 0.02 0.02 ~ 0 . 0 2 0.00  
TC(^gC/cm') 72.83 64.15 64.72 67.23 ^ 
7 OC(|igC/cm^) 12.64 1335 1^51 1^83 ~ “ 
EC(^gC/cm') 0.00 0.00 — 0.00 0.00 0.00 
TC(^gC/cm') 13.36 IZM 12.84 l 5 5 
8 OC(|LigC/cm 勺 21.55 23.24 22.61 22.47 IsO 
EC(^gC/cm^) ^ 018 O ^ 0 . 2 1 “ 12.18 
T C ( ^ g C W ) 21.76 23.42 22.85 22.68 
9 OC(^gC/cm') 139.73 145.25 142.85 142.61 L ^ 
"EC(^gC/cm')~ 6.13 “ 3.21 — 2.62 3.99 47.1T~ 
TC(^gC/cm') 145.87 148.45 145.46 146.59 l T i ^ 
10 OC(|igC/cm^) 55.67 54.60 61.69 57.32 ~ “ 
EC(|igC/cm^) 0.13 — 0.00 “ 0.00 “ 0.04 173.21 
TC(^gC/cm') 55.80 54.60 61.70 57.37 ^ ^ 
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Table 4.6.1(b) Results of determination of total carbon in river suspended 
solids by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials = = ^ = _ n 
No. I (1) (2) (3) Mean %RSD 
n OC(iagCW) l l ^ " " “ 10.30 11.75 11.51 9.68 — 
EC(|igC/cm^) 0.00 0.00 0.00 0.00~~ 
TC(昭 C/cm 勺 12!48 10.30 11.51 9.64 “ 
12 OC(|xgC/cm 勺 17.29 17.68 16.50 17.16 3 . 5 0 ~  
EC(赋 /cm 勺 0.21 - 0.18 0.23 — 0 . 2 1 "~12.18 
TC(|LigC/cm 勺 1 7 ^ 17.69 16.50 17.16 3.53 “ 
13 OC(^gC/cm^) 50.90 49.25 56.29 52.15 7.06 ‘ 
EC(^gC/cm^) O ^ 0 . 0 0 一 0.00 0.00 0.00 
TC(|igC/cm^) 50.91 49.26 56.29 52.15 7.05 
14 OC(! igCW) 70.62 80.29 63.75 71.55 l l . ~ 
E C ( ^ g C W ) a m ~ 0.02 ~Q.Q2 0.02 3 4 . 6 ^ 
TC(^gC/cm^) 70.63 80.30 63.77 71.57 11.60 
15 OC(^gC/cm^) 138.61 136.93 113.39 129.64 10. s T " 
EC(昭 C/cm 勺 O M 0 . 0 4 一 0.03 0.04 1 5 . 7 ^ 
TC(|igC/cm^) 138.65 136.96 113.42 129.68 10.88 
16 OC(^gC/cm^) 76.33 76.18 78.16 7 6 . 8 9 1 . 4 3  
EC(^gC/cm^) 0 0 2 0 . 0 2 —0.02 0.02 Q.QO 
TC(叩 C/cm, 76.20 78.17 76.91 1.43 
17 OC(^gC/cm^) 112.49 118.43 111.99 114.30 ~ " " “ 
EC(|igC/cm^) O ^ ~ 0.02 — 0.03 21.65 
TC(|igC/cm) 112.52 118.46 112.02 114.33 3 ? [ 3 ^ 
18 O C ( ^ g C W ) 78.70 107.16 90.00 91.95 15.58 
EC( t igCW) 0.02 “ 0.03 0.02 0.02 2 4 . 7 ^ 
TC(股 C/cm) 78.72 107.20 90.03 91.98 15.59 
19 OC(|agC/cm') 107.42 115.89 124.10 115.80 ~ “ 
E C ( ^ g C W ) 0.03 — 0.03 —0.00  
TC(ngC/cm^) 107.46 115.92 124.13 115.84 ~ 
20 OC(^igC/cm) 29.00 27.03 27.24 27.76 3 M 
EC(|igC/cmy 0.01 0.01 “ 0.01 0.01 0.00  
TC(^gC/cm^) 29.01 27.04 27.25 27.77 ~ 
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Table 4.6.1(c) Results of determination of total carbon in river Suspended 
solids by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials 
No. (1) (2) (3) Mean %RSD 
21 OC(|LigC/cm 勺 3 7 ^ 5 9 “ 34.88 ~ 8 . 2 4 36.90 4.83 —  
EC(|LigC/cm') 0 l 8 0 . 3 6 0.31 ~ ~ 0 . 2 8 3 2 . 7 ^ 
TC(^gC/cm^) 37.77 35.24 38.55 37.19 4.65 “ 
22 O C ( ^ g C W ) 18!T9 18.64 22.23 19.69 11.25 ‘ 
EC(|xgC/cm 勺 0.58 1.00 ~~0 .78 2 7 . �  
TC(|xgC/cm 勺 18.94 19.22 23.23 2 0 . 4 6 1 1 . 7 3 
n OC(ngC/cm )^ 20.02 15.74 20.37 18.71 13.78 ‘ 
EC(|LigC/cm^) 0.27 “ 0.99 ~ 1.15 — 0 . 8 0 ~58.35 
TC(^gC/cm^) 20.29 i K ^ 21.52 12.75 
24 OC(|xgC/cm^) 104.89 104.08 101.38 103.45 1 .78~ 
EC(!LigC/cm 勺 ~ 0.02 0.01 0.02 34. ‘  
TC(|xgC/cm 勺 104.91 104.10 101.39 103.47 LIS~ 
^ OC(ngC/cni^) 82.48 98.47 84.85 88.60 9 . 7 4 ~ 
EC(^gCW) 4.81 —13.13 7.26 70.3^ 
TC(^gC/cm^) 86.33 103.27 97.97 95.86 ^ 
26 O C ( ^ g C W ) 467.98 495.91 526.26 496.72 s J l “ 
EC(^gCW) 1 9 . 4 9 4 . 6 2 ~ 5.93 10.01 82.2^" 
TC(^igC/cm^) 487.47 500.54 532.19 506.73 
~ ^ O C ( ^ g C W ) 86.60 89.0Q~ 87.15 1.89 
EC(ngCW) 0.01 一 0.01 0.01 0.01 0.00 
TC(iigC/cm^) 85.84 87.15 L % ~ 
25 OC(|igC/cm') 115.05 109.11 101.88 108.68 ^ “ 
EC(喊 / cm) L ^ L ^ 5 M ^ 2.79 “ 82.95 
TC(|LigC/cm^) 116.70 110.37 107.34 111.47 
29 OC(^gC/cm') SLTl 93.70 90.65 88.69 ~ “ 
EC(^ gC/cm')~ 3.36 2.39 — 2.92 ~~2.89 16.8r~ 
TC(昭 C/cm, 85.08 96.09 93.57 91.58 ^ ^ 
30 OC(|igC/cm^) 37.65 38.71 42.54 39.63 ^ " " “ 
EC(ngC/cm^)~ 0.00 - 0.00 0.00 ~Q.QO 0.00 
TC(^gC/cm^) 37.66 38.71 42.55 39.64 ^ ~ 
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Table 4.6.1(d) Results of determination of total carbon in river suspended 
solids by thermal-optical-FID carbon analyzer. 
Sample No. of 
trials 
No. (1) (2) (3) Mean %RSD 
Tl OC(^gC/cm^) 200.51 226.06 199.49 208.69 7.21 
EC(| igC/cm^) 0.03 0.03 一0.03 0.03 0 . 0 0一 
TC(^gC/cm^) 200.54 226.08 199.51 208.71~ 7.21 
^ O C ( ^ g C W ) 145.97 152.93 147.01 ~]"48.64 2.53 
EC(^gC/cm^) 0.01 “ 0.01 0.01 0.01 ~ 0 . 0 0 
TC(^gC/cm^) 145.98 152.94 147.01 148.64 2 . 5 3 ~ 
33 OC(|igC/cm^) 43.10 43.33 43.58 43.34 0 . 5 5 ~ 
EC(|igC/cm 勺 O ^ O ^ 0 . 0 0 0.00 ~~0.00  
TC(|LigC/cm^) 43.10 43.33 43.58 43.34 ^ 
34 OC( | i gCW) 53.62 55.72 54.49 5 4 . 6 1 1 . 9 3  
EC(^gC/cm^) O ^ ~ 0.00 _ 0 . 0 1 0.00 17311"  
TC ( iL igCW) 53.62 54.49 1.94 
35 OC(^gC/cm') 70.00 63.10 64.70 65.93 Tm“ 
EC(|LigC/cm^) O ^ 0.01 0.01 ~~0.00 
TC( | i gCW) 70.01 63.11 64.70 65.94 5 M 
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Table 4.6.2 Results of determination of total carbon in river suspended solids 
by combustion-NDIR carbon analyzer. 
~ S a m p l e T C (^g C/cm^) 
No. (1) (2) (3) Mean | %RSD 
1 239.65 235.79“ 262.02 245.82 5.76 “ 
2 120.39 128.95 127.31 “ 125.55 3.62 
3 93.75 88.65 77.60 • 86.67 9.52 一 
4 ~ 76.09 74.71 77.74 “ 5.30 一 
5 46.13 36.61 43.23 “ 41.99 11.63 一 
6 81.19 79.67 80.59 1.00 _ 
7 i J 7 3 16.59 16.59 “ 15.64 10.56 — 
8 22.25 2 6 . 1 2 ~ 26.53 “ 24.97 9.45 — 
9 151.97~ 153.87 154.69 一 153.51 — 0.91 — 
10 54.18 62.35 59.49 “ 58.68 7.07 ~ 
n 1 1 . 6 9 1 1 . 0 5 7.21 一 9.99 — 24.26 — 
12 15.02 1 5 . 9 2 1 8 . 3 5 “ 16.43 10.49 — 
13 54.73 4 4 . 8 6 4 7 . 9 3 “ 49.17 10.27 — 
14 75.40 71.56 70.05 72.34 3.81 — 
15 152.73 “ 172.75 168.09 — 164.53 — 6.37 — 
16 68.55 85.41 81.57 “ 78.51 — 11.26 一 
17 105.43~ 117.22 67.72 “ 96.79 — 26.71 — 
18 117.91 “ 91.17 - 109.27 106.11 12.86 — 
19 65.11 “ 92.13 - 92.54 83.26 18.88 
W 21.10 24.94 25.49 23.84 10.03 
21 “ 36.75 43.06 — 46.15 41.99 — 11.40 — 
^ 22.21 19.00 19.00 20.07 9.23 “ 
23 “ 21.55 15.14 — 16.17 — 17.62 — 19.54 — 
24 - 129.13 133.11 — 151.00 ~ 137.75 — 8.46 
Ys 134.27 135.05 147.27 138.86 
^ 386.55 415.55 400.37 400.82 ^ 
27 - 82.07 — 84.49 — 85.57 — 84.04 2.13 — 
28 113.49 - 122.21 “ ^ 1 0 3 . 2 9 1 1 3 . 0 0 8.38 “ 
29 “ 69.99 一 74.96 — 75.81 — 73.59 4.27 ―一 
30 “ 235.79 一 182.34 一 261.77 — 226.63 17.87 — 
31 “ 161.72 - 2 1 1 . 8 7 184.66 186.08 13.49 
32 “ 130.36 — ~147.32 125.97 134.55 ^ 
33 “ 39.09 — 49.46 — 45.68 一 44.74 11.73 
34 “ 62.76 55.19 — 55.56 57.84 738 
35 53.24 56.05 53.85 54.38 ^ 
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Table 4.6.3 Comparison of the results of total carbon in river suspended solids 
between thermal-optical-FID method and combustion-NDIR 
method. 
S a m p l e | | Mean concentration of TC (^g/cm^) Ratio  ^  
No. I  TO-FID I 厂 C-NDIR [TO-FID�/[C-]VDIR] 
1 198.21 245.82 0.81 — 
2 106.40 125.55 — 0.85 
3 85.28 86.67 — 0.98 
4 78.75 77.74 — 1.01 
5 39.05 41.99 — 0.93 
6 67.23 80.59 — 0.83 
7 12.84 15.64 — 0.82 
8 22.68 24.97 0.91 一 
9 146.59 153.51 — 0.95 
10 57.37 — 58.68 — 0.98 
11 11.51 9.99 1.15 — 
12 17.16 — 16.43 — 1.04 
13 52.15 49.17 1.06 — 
14 71.57 72.34 0.99 
15 129.68 164.53 — 0.79 
16 76.91 78.51 0.98 — 
17 114.33 96.79 1.18 — 
18 91.98 106.11 0.87 
19 - 115.84 83.26 “ 1.39 
20 27.77 23.84 — 1.16 
21 37.19 — 41.99 一 0.89 
22 20.46 — 20.07 一 1.02 
23 19.51 — 17.62 — 1.11 
24 103.47 — 137.75 — 0.75 
25 95.86 138.86 0.69 — 
26 122.97 105.08 1.17 — 
27 87.15 84.04 — 1.04 
28 111.47 113.00 0.99 — 
29 91.58 73.59 — 1.24 
30 48.09 45.80 1.05 — 
31 208.71 186.08 1.12 一 
32 148.64 134.55 一 1.10 
33 43.34 44.74 — 0.97 
34 54.61 57.84 一 0.94 
35 65.94 54.38 1.21 
[TO-FID] = carbon concentration determined by thermal-optical-FID carbon analyzer 
[C-NDIR] = carbon concentration determined by combustion-NDIR carbon analyzer 
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Figure 4.6.1 Plot of total carbon concentration in river suspended solids by 
thermal-optical-FID and combustion-NDIR carbon analyzer. 
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4.7 Repeatability of time of evolution and quantity of carbon 
determined by thermal-optical-FID carbon analyzer 
Since the thermal evolution profile (thermograph) can give information for 
carbon speciation, it is important for the thermal-optical-FID carbon analyzer to 
produce a repeatable thermograph pattern for the same carbon type. The repeatability 
can be in term of time of evolution and quantity of carbon determined. 
Carbon content in air filter sample C was determined in duplicate by thermal-
optical-FID carbon analyzer. The thermograms of duplicated samples (sample C-1 
and sample C-2) were shown in Figure 4.7.1 and Figure 4.7.2. Peak 1 to Peak 5 
shown in the thermogram were profiles of different carbons in the sample. The 
retention time (RT) and concentration {\ig C/cm^) of each carbon peak were recorded 
and calculated for both samples. Results are shown in Table 4.7. 
Table 4.7 Comparison of retention time and concentration of 
duplicated samples. 
RT(min) Deviation from Conc(^g C/cm^) Deviation from 
Sample Sample from the mean Sample Sample from the mean 
C-1 I C - �I C-1 I C-2 I 
Peak 1 0.99 \ m L ^ 1 1.89 10.99 
Peak2 ~ \ m Vm ^ ^ ^ r^ 
Peak 3 ~ ^ Jm 0J5 
Peak 4 ~ 5 M ^ TTq 42\ 
Peak 5 ~ ^ ^ J U i 23.81 l45 
Deviat ion f rom the mean for retention l ime ranged f rom 0 % to 1.69%. 
Deviat ion f rom the mean for carbon concentrat ion ranged f rom 0 . 3 3 % to 3 .95%. 
There fore the thermal-opt ica l -FID carbon analyzer can give a high repeatabi l i ty in 
carbon speciat ion and quant i f icat ion. 
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Sample ID: C.I 
FID: RD:OKFID2:OKDL:10 
Organic C - 32*96+•1.85 ug/sq cm Carbonate C : 0 . 0 0 u g ^ c m 
Elemental C : 19.38 +-1.17 ug/sq cm 
Total C« 52.33 +-2.92 ug/sq cm EOTC ratio : 0.370 
Volatile area = 8523.0 0.353 
Pyrolizedarea= 4769.0 0.197 
Elemental area = 8951.0 0.370 
Total C area = 24176.0 1.000 
Calibration area Used = 17305.0 0.716 
FID2 Calibration area = 3590.0 
Spilt time Used = 386 seconds Split time Calculated = 386 seconds DLx=10 
Pk1= 18.45 Pk2= 2.00 Pk3= 2.15 Pk4= 0.03 FID GRAPHIC SCALE= 10 
FID1 FID2 Laser Tranprssion Temperature Absorfaancg  
Peak1 
Peaks il 
r Peak 2 ^^  \ 
Figure 4.7.1 Thermograph for Sample C-1 
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Sample ID: C-2 
FID: RD:OKRD2:OKDL:10 ^ ^ ^ , 
Organic C = 32.40 +-1.82 ug/sq cm Carbonate C : 0.00 +• ug/sq cm 
Elemental C = 17.50 +•1.07 ug/sq cm 
Total C : 49.89 +•2.79 ug/sq cm EC/TC ratio : 0.351 
Volatile area = 7962.0 0.357 
Pyrolizedarea= 4645.0 0.208 
Element area ^ 7828.0 0.351 
Total C area = 22320.0 1.000 
Calibration area Used = 16757.0 0.751 
FID2 Calibration area = 3781.0 
SpiH time Used = 388 seconds Split time Calculated = D U = 1 0 
STl: 17.80 Pk2= 2.05 Pk3= 2.12 Pk4: 0.04 RD GRAPHIC SCALE= 10 
FID1 FID2 Laser Transmission Temperature Absorbance  
Peak1 
J ^ ^ Peau | v M i 
\ 一 Z 、 ^ 〜 一 in •mnrt 
Figure 4.7.2 Thermograph for Sample C-2 
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4.8 Reproducibility of measuring total carbon in PM2.5 and PMio 
The relative standard deviations (RSD) of measuring total carbon in PM2.5 and 
PMio by both methods were compared. The results were shown in Table 4.8(a) and 
Table 4.8(b). The average value of RSD for measuring total carbon in PM2.5 and PMio 
by thermal-optical-FID were 2.83 and 3.09 respectively. The average value of RSD 
for measuring total carbon in PM2.5 and PMio by combustion-NDIR were 5.38 and 
4.72 respectively. Therefore the particle size of air particulate sample does not affect 
the reproducibility of measuring total carbon by both methods. 
Table 4.8(a) Comparison of RSD in measuring of total carbon in PMio 
PMio By TO-FID By combustion-NDIR 
Sample o / : r s d %RSD 
I 2.62 2.74 — 
9 8.33 6.54 — 
10 1.58 1.69 — 
II 2.12 4.32 — 
12 4.50 3.21 — 
13 1.48 2.12 一 
14 0.99 2.92 一 
15 2.70 6.1 
16 2.91 1.29 — 
17 4.42 1.9 一 
18 2.29 6.43 — 
19 3.21 5.55 “ 
21 4.05 5.86 
22 3.51 6.33 
34 3.86 7.81 — 
35 0.79 10.77 
[X^rageRSDl 3.09 | 4.72 
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Table 4.8(b) Comparison of RSD in measuring of total carbon in PM2.5 
PM2.5 By TO-FID By combustion-NDIR 
Sample No. %RSD %RSD 
2 0.93 1.58 
3 0.96 1.11 
4 4.43 1.6 
5 0.63 3.12 
6 3.01 5.06 
7 2.99 8.35 
8 10.79 3.94 
20 0.47 2.84 
23 3.07 — 10.2 
24 4.27 7.15 
25 1.14 一 3.11 
26 2.65 6.54 一 
27 6.83 2.6 
28 0.91 3.74 
29 1.81 一 7.6 一 
30 1.76 6.31 — 
31 2.91 — 12.42 — 
32 0.35 9.35 — 
33 2.78 — 6.64 — 
36 1.68 3.59 
37 5.15 6.13 
Average RSD| 2.83 5.38 ~ 1 
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5. CONCLUSION 
Good correlation was found to exist between the two chosen methods in the 
measurement of total carbon in ambient aerosols and river suspended solids. The 
methods are based on different detection principles. The RSD for total carbon 
deduced from river samples were found to be 6.43 % and 9.53 % for thermal-optical-
FID and combustion-NDIR methods respectively. Whilst the RSD for total carbon 
deduced from air particulates samples were found to be 2.94 % and 5.10 % for 
thermal-optical-FID and combustion-NDIR methods respectively. 
The results indicate firstly river samples have a higher RSD in measurement of 
TC using either methods This may due to the uneven distribution of suspended solids 
in river samples, which eventually led to uneven deposition on the filters upon 
filtration. 
Secondly, the RSD for the total carbon results in air particulates by thermal-
optical-FID method was 2.94% and by combustion-NDIR method was 5.10%. The 
RSD for the total carbon results in river samples by thermal-optical-FID method was 
6.43% and by combustion-NDIR method was 9.53%. The thermal-optical-FID 
method appears to give better precision when compared to the combustion-NDIR 
method. 
Thirdly, the analytical range of combustion-NDIR (50 i^g - 30 mg C) is larger 
than that of thermal-optical-FID (1 — 200 ]Lig C). Thus for samples with a diversified 
and wide range of carbon content, the combustion-NDIR should be a better choice. 
Both methods were found to be fairly simple and easy to operate. However, 
combustion-NDIR is preferred for the analysis of wet sample as no sample 
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pretreatment steps such as filtration and drying are required. Furthermore, the existing 
commercially available thermal-optical-FID set-ups are not equipped with automated 
sampling devices as those commonly made available in combustion-NDIR 
instruments. Thus, in terms of automation and efficiency of measurement, 
combustion-NDIR might be a better alternative. 
Nevertheless, thermal-optical-FID gives more in-depth information on 
different species of carbon in sample, e.g. EC，OC and TC. Thermograms with 
specific patterns may be useful for further studies, such as the source apportionment 
study of different carbon sources. 
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